Abstract: Simple mono-and bicyclic olefins, readily available by the Diels-Alder methodology, are subjected to osmium-catalyzed asymmetric dihydroxylation with the aim to achieve kinetic resolution of the Diels-Alder adducts. The stereoselectivity factor s varies from 1.1 to 2.5. An effective procedure is developed to reconvert the cis-vicinal diols into the corresponding alkenes.
INTRODUCTION
The Diels-Alder methodology for the synthesis of cyclohexenes and cyclohexene derived structures is one of the most versatile and widely used synthetic operations in organic chemistry. Innumerable natural product syntheses are based on this [4+2]-cycloaddition usually starting from relatively simple cycloadducts 1. For a successful use of the Diels-Alder reaction cycloadducts in enantiopure form with the desired absolute configuration are of great importance. For this reason considerable effort is spent on asymmetric Diels-Alder cyclizations using chiral dienes or/and dienophiles, or chiral catalysts with variable results 2. Optical resolution often is an alternative to achieve this goal. Especially enzymatic kinetic resolution has broadened the synthetic utility of simple Diels-Alder adducts. We recently showed that bicyclic ester 1, which is the Diels-Alder adduct of cyclopentadiene and fumaric diethyl ester, can conveniently be resolved using pig's liver esterase (PLE) 3.
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CO2Et CO2R 1 (n = l) 3 4 5 (n = 1, R=Et) 7 2 (n = 2) 6 (n = 2, R=Me) However, this resolution appeared to be very dependent on the nature of the substrate and in fact failed for adducts 2,4 and 5.
Recently, Sharpless and coworkers 4 published an improved procedure for the osmium-catalyzed asymmetric dihydroxylation of olefins applying a single set of reaction parameters for a wide range of olefins.
The use of sulfonamide to accelerate the hydrolysis of the initially formed monoglycolate-osmate ester and employing phtalazine as a new ligand generally leads to cis-vicinal diols with enantiomeric purities up to 99%4, 5. This finding prompted us to study this osmium tetroxide-cinchona alkaloid system for the asymmetric cis-dihydroxylation of Diels-Alder cycloadducts 1-7. Since effective reconversion of cis-diols into the corresponding alkenes has been reported 6, successful asymmetric dihydroxylation of the chiral Diels-Alder adduct 1-7 could be attractive for optical resolution of these cyclic olefins.
RESULTS AND DISCUSSION

Strategy
In determining which ligand should be used as the chiral auxiliary in the osmium tetroxide-catalyzed asymmetric cis-dihydroxylation 4, we were confronted with the problem that our substrates 1-7 are cisdisubstituted olefins, which are the most difficult substrates in the dihydroxylation process 7. The most widely applied chiral ligands are the pseudoenantiomers 1,4-bis(9-O-dihydroquinine) phtalazine ((DHQ)2PHAL) and 1,4-bis(9-O-dihydroquinidine) phtalazine ((DHQD)2PHAL), which for cis-olefins usually gave diols with rather low optical purities 5c,8. Better results were obtained with 9-O-indolinylcarbamoyl dihydroquinidine (DHQD-IND), an auxiliary especially developed for the asymmetric oxidation of cis-disubstituted olefins 9. However, this ligand seems to be effective only for non-cyclic cis-olefins as the dihydroxylation of indene, the only cisolefin studied with the double bond incorporated in a ring system, gave the corresponding cis-diol with an enantiopurity of only 16%. 10
Scheme 1: Partial asymmetric dihydroxylation of 1 using different chiral ligands aThe amounts of the components necessary for the asymmetric dihydroxylation, other than the ligand, are described in the general procedure. The number of equivalents of the ligand used (0.01 equiv. (DHQ)2PHAL normally present in the AD-mix ct and 0.01 equiv. (DHQD)2PHAL in the AD-mix ~) was taken relative to the initial amount of olefin, blsolated chemical yields. CEnantiomeric excesses were determined by IH-NMR experiments using Eu(hfc) 3 as chiral shift reagent and correlating the measured optical rotations, dThe amounts of all AD-reagents were halved, corresponding to 0.5 equiv, of AD-mix or. eThis optical rotation is not entirely correct as the recovered olefin could not be purified further than 95% pure according to GC. fThe relative amounts of both the ligand and the osmium reagent were increased five-fold (entry 5) and ten-fold (entry 6), respectively, gNo attempts were made to obtain the olefin and diol separately, g0.02 equiv, is the recommanded relative amount for DHQD-IND 9,13.
The results collected in Table 1 show that both the rate of the dihydroxylation and the optical yield are extremely low when only half of an equivalent of the AD-mix is applied (Table 1 , entry 1). Better results were obtained when the usual amount of the ligand (0.01 eq.) was used (entry 2). However, the enantiopurity of the remaining olefin 1 is still low at a conversion of 73%. Slightly better results were obtained with (DHQD)2PHAL as a ligand (entries 3,4) . This observation is a generally observed tendency 5. After 7.5 h 50% conversion was reached and both recovered olefin 1 and the corresponding diol 8 were obtained in 20% ee. A nearly complete conversion was observed after 16 h. Even at this high conversion the optical purity of recovered olefin 1 remained disappointingly low. A five-or a ten-fold increase of the combination of ligand (DHQD)2PHAL and the osmium reagent relative to the other components of the AD-mix led to a much faster dihydroxylation of 1 but no improvement of the enantioselectivity was observed (entries 5,6). With DHQD-IND as the chiral auxiliary both the rate of dihydroxylation and the enantioselectivity are comparable with those observed for (DHQD)2PHAL (entries 7,8).
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These first results show that dihydroxylation of bicyclic alkenes such as 1 using AD-mix is possible albeit with modest enantioselectivity. Based upon the outcome of the above experiments the asymmetric dihydroxylation of mono-and bicyclic olefins 2-7 was investigated by taking one equivalent of AD-mix 13 containing the relative amounts (DHQD)2PHAL and K2OsO2(OH)4 as recommended 4.
Synthesis
Most substrates were readily available by a Diels-Alder reaction of the appropriate diene and dienophile 3,14,15. Only the preparation of bicyclic mono-esters 4,5,6 deserves some comment.
Reacting cyclohexadiene with ethyl acrylate afforded a 6:1 mixture of ethyl endo-and exo- 
Dihydroxylations
The dihydroxylations of mono-and bicyclic olefins 1-7 were generally carried out until a conversion of about 50% had been reached. The progress of the reaction was followed by gas chromatography and the conversion determined as the quotient of the absolute amount of the produced diol and the sum of the absolute amounts of the diol and remaining olefin. Comparison of the analytical GC values with the isolated amounts of olefins and diols clearly showed that it was absolutely necessary to calibrate the GC response. This calibration was performed for olefin 1 and diol 8, resulting in two calibration lines with an excellent correlation factor (Rf=0.99991) and linearity over the whole dynamic range. As expected the response factor for the olefin 1 is higher than for diol 8, giving a quotient of 0.622. It is noteworthy that upon extrapolation of the calibration curve of diol 8 there is a dead volume, which can only be explained by assuming that a fixed amount of the diol remains on the column. Decomposition is not likely as the peaks of the diols are perfectly sharp and symmetrical. For all sets of olefins and diols the degrees of conversion, as collected in Tables 1 and 2, were calculated with correction for the response difference and the dead volume of the diol determined for olefin 1 and diol 8. This is legitimate because of the close analogy of the olefins 1-7 and their corresponding diols (Table 2 ). The calculated degrees of conversion were in accordance with the isolated amounts of olefins and diols.
The structures of the diols 8-14 were established by IH-NMR spectroscopy. For all bicyclic esters these dihydroxylations are completely diastereoselective as the result of steric blocking of one face of the olefinic unit either by an ester function or by an ethylene bridge, which is sterically more demanding than a methylene bridge. Hence, dihydroxylation of bicyclic esters 1,2,4,5 and 6 exclusively gave exo-diols 8,9,11,12 and 13 (Table 2) .
Enantioselective dihydroxylation of the cyclohexene trans-diester 3 leads to just one pair of diastereomeric diols 10. Only for cyclohexene ester 7 a 2:1 mixture of diastereomeric diols 14 was formed. Apparently the Kinetic resolution of Diels-Alder adducts 7905 ester function in 7 does not shield one of the olefinic faces to such an extent that complete diastereoselectivity is attained here.
The exo-structure of diols 8,9,11,12 and 13 could unambiguously be proven by 1H-NMR NOE studies on diol 13 which showed that there is a clear NOE-contact between the hydroxyl protons and H7,syn, the bridge proton in syn-position with respect to both hydroxy moieties. Furthermore, proton H3,down has a strong NOEcontact with H5 and/or H6, the protons vicinal to the alcohol functions. Of the aforementioned diols diol 13 has the double bond sterically least hindered for endo-attack and yet no endo-positions for the hydroxy moieties have been found, allowing to state that diois 8,9,11,12 and 13 all have the exo-structure.
The data collected in Table 2 show that all substrates 1-7 undergo dihydroxylation with AD-mix although at rather low rates. The highest conversion rates are observed for the monocyclic olefins 3 and 7. In the bicyclic series the experimental data clearly show that an increase of the bridge size slows down the dihydroxylation reaction (compare entries 1,2 and 8,9). These observations may be explained by the increased steric bulkiness at the convex face of the olefinic unit in going from cyclohexenes to bicyclo[2.2.1]heptenes to bicyclo[2.2.2]octenes. As expected, not much difference in rate is observed for the mono-and diester of the cycloalkenes.
The enantioselectivity observed for the asymmetric dihydroxylation reaction is rather disappointing in all cases. At about 50% conversion modest optical yields up to 41% for the remaining olefin (entries 6,7 and 10) and up to 20% for the newly formed diol (entries 4,10) were obtained. The stereoselectivity factor s, which correlates the conversion and the enantiomeric excess 18, varies from 1.1 to 2.5 for entries 1-12, and this is far too low to make these dihydroxylation reactions attractive for optical resolution purposes. The poor enantioselectivity observed here seems to be typical for kinetic resolutions via the asymmetric dihydroxylation methodology because thusfar only comparably low s-values were obtained 5,7c,19. Better results were achieved sofar only with the double-helical fullerene C7620.
For the structures 1-7 the enantiofacial differentation is apparently too small for effective chiral induction using AD-mix 13. The stereogenic centres which cause the chiral dissymmetry of these cyclic olefins are probably too far away from the reaction centre ('meso-effect '9) . Interestingly however, there is some distinct influence of the configuration of these remote chiral centers on the transition state as illustrated by the significant differences in optical yields in the enantioselective dihydroxylation of the exo-and endo-bicyclo[2.2.1 ]heptene monoester (entries 9,10). Since these structures are conformationally rigid these results suggest that dihydroxylation of cycloalkene esters 1-7 using the AD-mix 13 proceeds through a transition state which has only limited flexibility, confirming that the low enantioselectivity found for the substrates 1-7 is indeed caused by the so-called 'meso-effect'.
Reconversion
Although the asymmetric dihydroxylation of cycloalkene esters does not yet fulfil the requirements for a practical resolution of Diels-Alder adducts, we established an effective procedure for the reconversion of the H~ 
Concluding remarks
We demonstrated that the sequence of dihydroxylation and reductive reconversion of the diol moiety to the alkene function is an efficient chemical process which, in principle, would allow optical resolution of cycloalkenes produced by the Diels-Alder methodology. However, the enantioselectivity of the asymmetric dihydroxylation of a range of Diels-Alder adducts using AD-mix 13 is still too low to be of practical use. More effective osmium ligand complexes will have to be designed. Following the sequence as described above, alkene 1 was obtained with an optical purity of 20% starting from racemic 1.
Sofar no bicyclic diols either completely or partially resolved have been reported. With the exception of diols 12 and 1321 the resulting diols were not described previously.
EXPERIMENTAL SECTION
General __ Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were taken on a Perkin Elmer 298 infrared spectrophotometer. IH-and 13C-NMR spectra were recorded on a Bruker AM-400 and a Bruker AC-100, using CDCI3 as an internal standard. For mass spectra a double focussing VG 7070E mass spectrometer was used. Elemental analyses were performed on a Carlo Erba Instruments CHNS-O 1108 Elemental Analyzer. Optical rotations were measured with a Perkin Elmer 241
Polarimeter. GLC was conducted with a Hewlett-Packard HP5890II gas chromatograph, using a capillary column (HPI, 25m x 0.31 mm x 0.171.tm). Flash chromatography was carried out at a pressure of ca. 1.5 bar, a column length of 15-30 cm and a column diameter of 1-4 cm, using Merck Kieselgel 60H, All solvents used were dried and distilled according to standard procedures.
General procedure for the asymmetric dihydroxylation. All dihydroxylation reactions were performed at a scale of 5 mmol of olefin.
Three equivalents of K3Fe(CN)6 (4.94 g, 15 mmol), 3.0 equiv, of K2CO3 (2.07 g, 15 retool), 1.0 equiv, of CH3SO2NH2 (0.48 g, 5 retool), 0.01 equiv, of (DHQD)2PHAL (0.039 g, 0.05 retool), and 0.002 equiv, of K2OsO2(OH)4 (0.0037 g, 0.01 mmol) were dissolved in water (25 mL, 5 mL/mmol) and t-BuOH (25 mL, 5 mL/mmol). This heterogeneous solution was cooled to 0°C and 1 equiv, of olefin (5 mmol) was added to the suspension at once. After stirring the reaction mixture at 0°C for number of hours indicated in Table 1 and 2 the reaction was quenched by adding 12 equiv, of Na2SO3 (7.5 g, 60 mmol) and the reaction mixture was stirred for an additional hour at room temperature. Subsequently the reaction mixture was diluted with ethyl acetate (50 mL) and extracted with water (3x). The aqueous fractions were then extracted with ethyl acetate (3x Diethyl syn-4,5-dihydroxycyclohexane.trans-l,2-dicarboxylate (10) The mixture of olefin 3 and the corresponding diol was separated by flash chromatography, as described for 8. 
